The biological function of long non-coding RNA00261 (Linc00261) has been widely investigated in various types of cancer. The aim of the present study was to explore the role of Linc00261 in pancreatic cancer (PC). The expression of Linc00261 in patients with PC and PC cell lines was assessed using reverse transcription-quantitative PCR and the association of Linc00261 expression with survival was analyzed in the online database, GEPIA. The effects of Linc00261 on PC cell metastasis in vitro and in vivo were determined using a wound healing assay, Transwell invasion assays and a nude mouse model of liver metastasis. The relationship between Linc00261, the miR-552-5p/forkhead box O3 (FOXO3) axis and the Wnt signaling pathway were determined using bioinformatics analysis, dual luciferase assay and western blotting. Linc00261 expression was significantly decreased in PC tissues and cell lines, and reduced expression was associated with less favorable outcomes in patients with PC. Linc00261 overexpression inhibited migration and invasion of PC cells in vitro, whereas knockdown of Linc00261 increased migration and invasion. Linc00261 overexpression also decreased metastasis of PC cells in vivo. Linc00261 was revealed to directly bind to microRNA (miR)-552-5p and to decrease the expression of miR-552-5p. In addition, Linc00261 overexpression increased the expression of FOXO3, a target gene of miR-552-5p, as well as inhibited the Wnt signaling pathway. Overexpression of miR-552-5p in Linc00261-overexpressing PC cells increased migration and invasion, as well as decreased the expression of FOXO3 and members of the Wnt signaling pathway. Collectively, the present study demonstrated that Linc00261 inhibited metastasis and the Wnt signaling pathway of PC by regulating the miR-552-5p/FOXO3 axis. Linc00261 may suppress the development of PC, and serve as a potential biomarker and effective target for the diagnosis and treatment of PC.
Introduction
Pancreatic cancer (PC) is the fourth most aggressive digestive cancer, and the 5-year overall survival rate is <5% (1) . Although therapeutic strategies for treatment of PC have improved, patient outcomes remain unsatisfactory due to a high degree of metastasis (2, 3) . Epithelial-mesenchymal transition (EMT) is a key part of the metastatic process in PC. EMT is associated with significant changes in the expression of thousands of genes and is characterized by the downregulation of epithelial markers, such as E-cadherin, and the upregulation of mesenchymal markers, such as N-cadherin and vimentin (4) . The process of EMT is regulated by several signaling pathways, such as the MEK/ERK (5) , AKT (6) and Wnt signaling pathways (7) . Activation of the Wnt signaling pathway results in nuclear translocation of β-catenin, where it co-operates with TCF4 and increases the transcription of mesenchymal markers (8) . Therefore, identification of upstream regulatory mechanisms of the Wnt signaling pathway and thus EMT may serve as targets for treatment of patients with PC.
Epigenetic regulation, including through non-coding RNAs, are upstream regulatory mechanisms which may regulate the Wnt signaling pathway and thus EMT (9) . Long noncoding RNAs (lncRNAs) are a type of non-coding RNA >200 nucleotides in length. Competing endogenous RNAs (ceRNAs) sponge target microRNAs (miRNAs) by binding to the 3' untranslated regions (3'UTR) of the target miRNAs and mRNAs and regulate their expression (10) . Various lncRNAs have been demonstrated to be involved in the metastasis of PC (11) . Yang et al (12) demonstrated that lncRNA DLX6-AS1 expression was increased in PC tissues and cell lines, and modulated the Wnt/β-catenin pathway to promote proliferation, migration and invasion of cells by sponging miR-497-5p (12) . LincRNA H19 activated the Wnt signaling pathway and promoted the metastasis of PC cells by regulating the miR-194/PFTK1 axis (13) . The biological functions and associated mechanisms of Linc00261 have been demonstrated in various types of cancer (14, 15) . Linc00261 expression was reduced in non-small cell lung cancer cells and had the capacity to inhibit the progression of non-small cell lung cancer (16) . Linc00261 suppressed proliferation and migration of colon cancer by sponging miR-324-3p (17) . However, the role of Linc00261 in PC is unknown, to the best of our knowledge.
Forkhead box O3 (FOXO3) is member of the forkhead box O transcription factors, which is involved in EMT by regulating the Wnt signaling pathway (18) . Recently, numerous studies have revealed that FOXO3 is inactivated in different types of cancer and may serve as a tumor suppressor (19) . In PC, by inhibiting the Wnt signaling pathway and thus EMT, FOXO3 also exhibited an inhibitory effect on metastasis in vitro and in vivo (20) . However, the molecular regulatory mechanism by which FOXO3 results in these effects are not completely understood.
In the present study, the effect of Linc00261 on the metastasis of PC cells, and the association between Linc00261, EMT and metastasis was assessed. Linc00261 overexpression inhibited metastasis of PC cells, EMT and the Wnt signaling pathway by regulating the miR-552-5p/FOXO3 axis. Linc00261 may serve as a suppressive lncRNA in PC and thus may be a potentially useful biomarker for the diagnosis of PC and effective target for treatment.
Materials and methods
Clinical specimens. A total of 54 pairs of PC tissues and corresponding adjacent non-tumor tissues were collected at the Affiliated Hospital of Guizhou Medical University (Guizhou, China) between July 2014 and March 2019. The mean age of patients enrolled in the present was 55±7.4 years, (range, 45-71 years) with 25 males and 29 females. None of patients enrolled in the present study received neoadjuvant chemotherapy, radiotherapy or immunotherapy prior to surgery. The present study was approved by the Ethics Committee of Guizhou Medical University and performed in accordance with the Declaration of Helsinki (Approval no. 2019LS146). All patients provided written informed consent for participation.
Bioinformatics method. The expression of Linc00261 in PC tissues and adjacent tissues was first assessed by online database GEPIA (URL: http://gepia.cancer-pku.cn/). LogFC>1 and a P-value <0.05 was set as cut-offs. TargetScan (version 7.2; URL: http://www.targetscan.org/vert_72/) was used to determine the target miRNA of Linc00261, while the target gene of target miRNA was determined by TargetScan and miRwalk (version 3.0; URL: http://mirwalk.umm.uni-heidelberg.de/). The pathways that the target genes were enriched in, were analysed using R software (version: 3.5.2; The R Foundation; URL: https://www.r-project.org/). P<0.05 was used as a threshold for a pathway to be considered significantly enriched.
Cell culture and transfection. A total of 6 PC cell lines, CFPAC-1 (liver metastasis derivation, metastasis potential), AsPC-1 (ascites derivation, metastasis potential), MIA-PaCa-2 (primary tumor, non-metastasis potential), Capan-2 (primary tumor, non-metastasis potential), BXPC-3 (primary tumor, non-metastasis potential) and PANC-1 (primary tumor, metastasis potential), and the normal pancreatic duct epithelial cell line HPDE were all purchased from American Type Culture Collection. CFPAC-1, MIA-PaCa-2 and PANC-1 cells were cultured in high-glucose DMEM medium (Gibco; Thermo Fisher Scientific, Inc.), whereas CFPAC-1, AsPC-1, Capan-2 and BXPC-3 cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.). All cell lines were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 .
A Linc00261 expression lentivirus was generated by subcloning the PCR-amplified full-length human Linc00261 cDNA into the pMSCV retrovirus plasmid (GeneCopoeia, Inc.). Empty pMSCV retrovirus plasmid was used as a negative control for Linc00261 expression lentivirus. Linc00261-targeting and scramble short hairpin RNA (shRNA) oligonucleotides were cloned into the pSuper-retro-puro vector to generate pSuper-retro-Linc00261-RNAi. The shRNA sequences were: shLinc00261, CAG TCG CTT GGT TTG AGC TCA AAT A; scramble, UUC UCC GAA CGU GUC ACG UTT. The miR-552-5p mimic and inhibitor were obtained from GeneCopoeia, Inc. PANC-1 and Mia-PaCa2 cells were seeded into 6-well plates at a density of 1x10 5 /well. After the cells had adhered, a lentivirus was added according to manufacturer's protocol (MOI=5 for PANC-1, MOI=10 for MIA-PaCa2). To obtain stably overexpressing Linc00261 cells or stable knockdown cells, cells were selected for 14 days using 1 µg/ml puromycin 48 h after transfection.
Reverse transcription-quantitative (RT-q)PCR. Total RNA of tissues and cells were extracted using TRIzol reagent (Wuhan Boster Biological Technology, Ltd.). Total RNA was reverse-transcribed into cDNA using PrimeScript RT reagent kit (Yeasen Biotechnology, Co., Ltd.). qPCR was performed using SYBR Green Master mix (Yeasen, Biotechnology, Co., Ltd.). Relative expression was normalized to GAPDH and fold-change was calculated using the 2 -ΔΔCq method (21) . The sequences of the primers used were: Linc00261 forward, GTC AGA AGG AAA GGC CGT GA and reverse, TGA GCC GAG ATG AAC AGG TG; miR-552-5p forward, CCG CAC AGG TGA CTG GT TAG A and reverse, GTG CAG GGT CCG AGG T; FOXO3 forward, CGG ACA AAC GGC TCA CTC T and reverse, GGA CCC GCA TGA ATC GAC TAT; E-cadherin forward, CGA GAG CTA CAC GTT CAC GG and reverse, GGG TGT CGA GGG AAA AAT AGG; N-cadherin forward, GGG TGT CGA GGG AAA AAT AGG and reverse, ATG CAC ATC CTT CGA TAA GAC TG; vimentin forward, GAC GCC ATC AAC ACC GAG TT and reverse, CTT TGT CGT TGG TTA GCT GGT; and GAPDH forward, AGA AGG CTG GGG CTC ATT TG and reverse, AGG GGC CAT CCA CAG TCT TC.
Wound healing assay. Total 5x10 5 PC cells were seeded into 6-well plates and cultured until they reached a confluence of 90%. A 200-µl pipette tip was used to scratch the monolayer to create a wound. After scratching, the cells were washed using PBS to remove detached cells. Cells were subsequently incubated in the serum-free DMEM and cultured for 48 h. Phase-contrast microscopy was used to capture the images in 6 random fields.
Transwell invasion assay. Cells were suspended in medium without FBS and a total of 1x10 5 PC cells were then added to the upper chamber pre-coated with Matrigel (BD Biosciences), and DMEM supplemented with 20% FBS was added to the lower chamber. Cells were cultured at 37˚C for 48 h, after which, the cells which had invaded were fixed using 4% paraformaldehyde and stained using 0.5% crystal violet (Wuhan Boster Biological Technology, Ltd.) at room temperature for 30 min. After washing with PBS, the chambers were air-dried and observed under an inverted light microscope (Olympus Corporation). The number of invaded cells in five random fields were counted using Image Pro-Plus (version: 6.0; Sevice and technology, URL: https://www.xrayscan. com/software-image-pro-plus/).
Animal model of liver metastasis.
The nude mice used in the present study were obtained from Huafukang Biotechnology Co., Ltd. Animals were kept in specific pathogen-free condi-tions. NC and Linc00261 overexpression of PANC-1 cells (2x10 6 cells) were injected into the spleen of nude mice (n=6 per group). After intravenous anesthesia with pentobarbital at a concentration of 2.5 mg/100 g, the mice were sacrificed via cervival dislocation in 10 weeks after injection, and the liver was harvested, weighed, imaged and embedded in 10% paraffin. All animal experiments were approved by the Ethics Committee of Guizhou Medical University (Approval no. 1900069).
H&E staining. The liver tissues were fixed in 4% paraformaldehyde for 30 min at room temperature and sectioned into 4 µm-thick sections. After heating to 60˚C for 1 h, the specimens were deparaffinized using xylene at room temperature and rehydrated in a descending graded series of ethanol (100, 80, 60 and 40%). Subsequently, the samples were stained with hematoxylin for 5 min and eosin for 10 min both at room temperature. After washing with PBS, images were captured using an upright metallurgical microscope (x200; Olympus Corp.).
Luciferase reporter assay. PC cells were plated in 6-well plates at density of 5x10 5 . Subsequently, the cells were co-transfected with psiCHECK™-2 vector and miR-552-5p mimics. Then, the cells were lysed and used to measure firefly using Kaplan-Meier plotter (kmplot.com). Comparisons were performed using a one-way ANOVA combined with LSD-t test or a paired Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Linc00261 expression is decreased in PC. The expression and association of Linc00261 with clinical traits were exam- ined. Bioinformatics analysis of data obtained from GEPIA revealed that Linc00261 was significantly reduced in PC tissues compared with the matching adjacent tissues (Fig. 1A;  P<0 .05). Reduced expression of Linc00261 in patients with PC predicted less favorable outcomes ( Fig. 1B; P<0 .05). To verify the results obtained from the bioinformatics analysis, RT-qPCR was performed on the 54 pairs of PC tissues and adjacent matching tissues, and the results revealed that the expression of Linc00261 was also decreased in our PC tissues compared with adjacent non-tumor tissues ( Fig. 1C; P<0 .05). A χ 2 test was performed to analyze the relationship between the expression of Linc00261 and various clinicopathological characteristics. The results revealed that increased expression of Linc00261 was significantly negatively associated with several clinical traits of PC, such as tumor size, lymph node metastasis, TNM stage, distant metastasis, perineural invasion and blood vessel invasion (Table I) . Furthermore, it was demonstrated that the expression of Linc00261 was also reduced in all the PC cell lines compared with the control pancreatic epithelial cell line ( Fig. 1D; P<0.05 ). Collectively, Linc00261 may serve as a tumor-suppressive lncRNA in PC.
Linc00261 overexpression inhibits cell migration and invasion, and EMT in PC cells. Then, PANC-1 and MIA-PaCa2
cell lines which were derived from primary tumors with different metastatic ability were employed for our study. The migratory ability of PC cells in MIA-PaCa2 and PANC-1 cells transfected with empty vector or Linc00261 overexpression lentivirus was assessed using a wound healing assay. Linc00261 overexpression both significantly reduced migration of PANC-1 and MIA-PaCa2 cells ( Fig. 2A ; P<0.05). Similarly, Transwell invasion assays revealed that overexpression of Linc00261 both significantly suppressed the invasive capacity of PANC-1 and MIA-PaCa2 cells ( Fig. 2B; P<0.05 ). Various studies have demonstrated that epithelial-mesenchymal transition promotes the process of metastasis of cancer cells (22) . The expression of several EMT markers, including E-cadherin, N-cadherin and vimentin were assessed in MIA-PaCa2 and PANC-1 cells transfected with empty vector and Linc00261 overexpression lentivirus, and the results revealed that the expression of E-cadherin was increased in the Linc00261 overexpression cells, whereas the expression of N-cadherin and vimentin were markedly reduced ( Fig. 2C; P<0 .05). 
Linc00261 knockdown increases migration and invasion, and EMT of PC cells.
The results of the wound healing assays revealed that knockdown of Linc00261 significantly increased the migration of PANC-1 and MIA-PaCa2 cells (Fig. 3A;  P<0.05) . Similarly, the results of the Transwell invasion assays revealed that Linc00261 knockdown significantly increased invasion of PANC-1 and MIA-PaCa2 cells (Fig. 3B; P<0.05) .
The results of western blotting revealed that Linc00261 knockdown significantly decreased the expression of E-cadherin, whereas the expression levels of N-cadherin and vimentin were increased ( Fig. 3C; P<0 .05).
Linc00261 reduces metastasis of PC cells in vivo.
PANC-1 cells transfected with empty vector or Linc00261 overexpression lenti- virus were injected into the spleen of nude mice. After 10 weeks, metastasis of PANC-1 cells was assessed, and the results revealed that the number of metastatic foci was significantly decreased in the mice injected with the Linc00261 cells ( Fig. 4A and B ; P<0.05). Similarly, the rate of death in mice was significantly lower in the mice injected with Linc00261-overexpressing cells compared with the mice injected with the empty vector control cells ( Fig. 4C; P<0 .05), as well as weight loss (Fig. 4D, P<0 .05). Collectively, these results indicated that Linc00261 suppressed metastasis of PC cells in vivo. miR-552-5p is a target of Linc00261 in PC. Target miRNAs of Linc00261 were predicted using TargetScan, and the analysis revealed that miR-552-5p possessed potential binding sites for Linc00261 (Fig. 5A) . A dual luciferase reporter assay was performed and the results revealed that luciferase activity was decreased in PANC-1 and MIA-PaCa2 cells co-transfected with miR-552-5p mimic and Linc00261-WT plasmid compared with cells co-transfected with NC mimic and the Linc00261-WT plasmid (Fig. 5B; P<0 .05). The expression levels of miR-552-5p were inversely associated with Linc00261 ( Fig. 5C ; r=-0.3561; P<0.01). Transfection of miR-552-5p inhibitor into PANC-1 and MIA-PaCa2 cells increased the expression of Linc00261 (Fig. 5D; P<0.05) . Similarly, the expression levels of miR-552-5p were significantly decreased in Linc00261-overexpressed cells ( Fig. 5E; P<0.05 ). In addition, the expression of miR-552-5p was increased in PC tissues and PC cell lines ( Fig. 5F and G; P<0.05). These results indicated that miR-552-5p may be an important target of Linc00261 in PC.
miR-552-5p upregulates the expression of FOXO3 in PC.
Since miR-552-5p was considered an important target of Linc00261 in PC, the targets of miR-552-5p were predicted. Using the online tools, miRWalk and TargetScan, a total of 332 potential target genes regulated by miR-552-5p were predicted (Fig. 6A) . These target genes were primarily enriched for 5 pathways, including the FOXO signaling pathway (Fig. 6B) . FOXO3, which is involved in the FOXO signaling pathway was determined to possess binding sites for miR-552-5p ( Fig. 6C ). Due to evidence that FOXO3 serves a key role in PC (20) , our focus was on FOXO3. Luciferase activity was significantly reduced in cells co-transfected with miR-552-5p mimic and FOXO3-WT plasmid compared with cells co-transfected with miR-552-5p mimic and FOXO3-Mut plasmid ( Fig. 6D ; P<0.05). Furthermore, the expression of FOXO3 was decreased in tumor samples, and negatively associated with the expression of miR-552-5p in PC ( Fig. 6E and F; P<0.05) . Similarly, the mRNA levels of FOXO3 in PC cell lines were also decreased compared with the normal pancreatic epithelial cell line ( Fig. 6G; P<0 .05). Collectively, FOXO3 was considered to be an important target of miR-552-5p in PC.
Linc00261 inhibits the activity of the β-catenin/TCF4 pathway and cell metastasis via a miR-552-5p/FOXO3 axis.
To determine whether the effect of Linc00261 on PC was dependent on miR-552-5p/FOXO3, the expression of miR-552-5p was restored in Linc00261-overexpressing cells. miR-552-5p overexpression increased the mRNA and protein expression levels of FOXO3 ( Fig. 7A and B ; P<0.05). Since it has been demonstrated that FOXO3 regulates the Wnt signaling pathway (23), the expression of β-catenin and TCF4 was assessed. The results revealed that Linc00261 overexpression decreased the expression of β-catenin and TCF4, whereas miR-552-5p prevented the inhibitory effects of Linc00261 on the Wnt signaling pathway (Fig. 7B; P<0 .05). The expression levels of E-cadherin, N-cadherin and vimentin, which are also downstream proteins of TCF4, were assessed using RT-qPCR and western blotting. Restoration of miR-552-5p alleviated the effects of Linc00261 overexpression on the expression of E-cadherin, N-cadherin and vimentin ( Fig. 7C and D; P<0.05). Similarly, miR-552-5p reversed the inhibitory effects of Linc00261 on the migration and invasion of PC cells ( Fig. 8A and B ; P<0.05).
Discussion
PC exhibits a high metastatic capacity, thus any factor which promotes metastasis of PC may be involved in the progression of PC. LncRNAs have been revealed to regulate the metastasis of PC previously (24) . Since Linc00261 has been demonstrated to function as a tumor-suppressive LincRNA in a range of different types of cancer (25, 26) , it was hypothesized that Linc00261 may also participate in the pathogenesis of PC. Consistent with previous studies, in the present study, Linc00261 expression was decreased in PC tissues and 6 PC cell lines compared with the adjacent non-tumor tissues and normal pancreatic epithelial cells, respectively. Reduced expression of Linc00261 predicted less favorable outcomes in patients with PC and Linc00261 overexpression decreased PC cell migration and invasion in vitro as well as EMT, whereas Linc00261 knockdown increased cell migration and invasion in vitro. Similarly, Linc00261 overexpression decreased PC cell metastasis in vivo. Together these data indicated that Linc00261 is a potential tumor-suppressive lncRNA in PC. Therefore, determining the underlying mechanism by which Linc00261 reduced metastasis of PC cells may assist in understanding the development of PC.
Numerous studies have demonstrated that specific lncRNAs may act as ceRNAs which are primarily located in the cytosol (27, 28) . In the present study, through bioinformatics analysis and dual luciferase activity assays, Linc00261 was revealed to bind with miR-552-5p in PC cells. A previous study revealed that miR-552-5p acted as an oncogenic miRNA in osteosarcoma and promoted the development of osteosarcoma (29) . Therefore, Linc00261 may inhibit PC cell metastasis by sponging miR-552-5p. The results of the present study revealed that the expression of miR-552-5p was negatively associated with Linc00261 in PC tissues. Linc00261 overexpression significantly decreased the expression of miR-552-5p in PC cells. Furthermore, the expression of miR-552-5p was significantly upregulated in PC tissues and cell lines. Therefore, miR-552-5p was considered a target miRNA of Linc00261 in PC.
Using bioinformatics analysis to predict the target genes of miR-552-5p, it was demonstrated that the target genes were significantly enriched in the FOXO signaling pathway and FOXO3 was a direct target of miR-552-5p. Since the FOXO pathway, and specifically FOXO3 can regulate the Wnt signaling pathway, which is involved in the development of PC (18), a focus was placed on FOXO3 and it was revealed that miR-552-5p overexpression significantly decreased its expression. Additionally, the expression of FOXO3 was negatively associated with miR-552-5p. Linc00261 overexpression significantly decreased the expression of FOXO3, and inhibited the Wnt signaling pathway and thus EMT. Ectopically restoring miR-552-5p expression in Linc00261-overexpressing cells significantly alleviated the inhibitory effect of Linc00261 on the expression of FOXO3, the Wnt pathway and EMT. Similarly, Linc00261 significantly decreased the migratory and invasive capacities of PC cells, whereas miR-552-5p restoration in Linc00261-overexpressing PC cells significantly increased the migration and invasion of PC cells.
In conclusion, the present study demonstrated that Linc00261 is a tumor-suppressive lncRNA in PC. Linc00261 inhibited PC cell metastasis in vitro and in vivo by regulating the miR-552-5p/FOXO3 axis. These results may assist in improving our understanding of the molecular mechanisms underlying the development and metastasis of PC, and indicates that Linc00261 may be a potential biomarker for diagnosis and target for treatment.
